ABSTRACT. The geomorphology of palaeo-ice-stream beds and the internal structure of underlying tills can provide important information about the subglacial conditions during periods of fast flow and quiescence. This paper presents observations from three-dimensional seismic data, revealing the geomorphology of buried beds of the Bjørnøyrenna (Bear Island Trough) ice stream, the main drainage outlet of the former Barents Sea ice sheet. Repeated changes in ice dynamics are inferred from the observed successions of geomorphic features. Megablocks, aligned in long chains parallel to inferred ice-stream flowlines, and forming dipping plates that are thrust one on top of another, are taken as evidence for conditions of compressive ice flow. Mega-scale glacial lineations (MSGL) and pull-apart of underlying sediment blocks suggest extensional flow. The observed pattern of megablocks and rafts overprinted by MSGL indicates a change in ice dynamics from a compressional to an extensional flow regime. Till stiffening, due to subglacial freezing, is the favoured mechanism for creating switches in sub-ice-stream conditions. The observed pattern of geomorphic features indicates that periods of slowdown or quiescence were commonly followed by reactivation and fast flow during several glaciations, suggesting that this may be a common behaviour of marine ice streams.
INTRODUCTION
Rapid changes in high-latitude ice masses (Rignot and Jacobs, 2002; De Angelis and Skvarca, 2003; Fricker and others, 2007) have raised concerns about the impact of predicted future global warming on the stability of these ice sheets and associated sea-level change (Alley and Bindschadler, 2001 ). Of particular concern is the marine-based West Antarctic ice sheet (WAIS), as much of its bed rests below sea level and small changes in its grounding line position could have large consequences for the ice sheet's overall stability (Bennett, 2003; Bindschadler, 2006) . Icesheet discharge is dominated by ice streams, corridors where ice is moving much faster than the surrounding parts of the ice sheet (Bennett, 2003) . The past decade of satellite and airborne measurements from contemporary ice sheets (Fahnestock and Bamber, 2001; Fricker and others, 2007) has revolutionized our understanding of ice-stream dynamics, but is limited to a fraction of the ice-stream operation time. Beds of palaeo-ice streams may reveal changes in icestream operation over longer timescales, and provide a more accessible source of information on the spatial variability in sub-ice-stream sedimentary processes (Ó Cofaigh and others, 2002; Dowdeswell and others, 2006; Mosola and Anderson, 2006) . They may also reveal information about subglacial conditions and processes that are associated with ice-stream instability and shutdown (Christoffersen and Tulaczyk 2003; Clark and others, 2003) . This study focuses on beds of the Bjørnøyrenna (Bear Island Trough) ice stream, which during glacial maxima was the main drainage outlet of the former Barents Sea ice sheet (BSIS; Fig. 1a and b) .
The BSIS, located at the northern flank of the former Eurasian ice sheets, offers a good geological analogue to the contemporary WAIS. Similarities between the two ice sheets include a bed largely below sea level resting on sedimentary bedrock, a high-latitude location, and similar sizes during the Last Glacial Maximum (LGM), when both ice sheets were located at or near the shelf break ( Fig. 1b and c) . The WAIS grounding line has in some areas retreated up to 1000 km since the LGM, whereas the BSIS went through a stepwise retreat, with the Barents Sea shelf largely deglaciated by 12 ka (Landvik and others, 1998) . Several archipelagos in the north and east of the Barents Sea are still partly glaciated.
We first present a short review of previous work on palaeo-ice-stream flow in Bjørnøyrenna (Fig. 1a) . We then present new observations of buried geomorphic features and assemblages of landforms on and below beds of palaeo-ice streams. Finally we discuss the implications for ice-stream dynamics, shutdown and reactivation. The observations shed new light on the significance of subglacial landforms such as glacitectonic sediment blocks and rafts, and provide new insights into the future behaviour of contemporary ice streams.
STUDY AREA AND GEOLOGICAL SETTING
The Barents Sea covers one of the widest continental shelves in the world (Fig. 1a) . It is bounded to the north and west by Tertiary rift and shear margins (Faleide and others, 1993) , to the east by Novaya Zemlya and to the south by the Norwegian and Russian coasts. The sea-floor bathymetry is characterized by relatively shallow banks of 100-200 m, separated by troughs opening towards the Norwegian Sea and Arctic Ocean (Fig. 1a) . Water depths within the troughs range typically from 300 to 500 m. The most prominent trough is Bjørnøyrenna. Large trough mouth fans (TMF; Vorren and Laberg, 1997) at the western and northern Barents Sea margins (Fig. 1a) appear as seawards-convex bulges in the bathymetry at the mouths of the troughs that extend to the shelf edge (Fig. 1a) . The study area has a three-dimensional (3-D) seismic dataset covering 2000 km 2 at the southern flank of outer Bjørnøyrenna ( Fig. 2 ; black-edged rectangle).
The southwestern Barents Sea margin has experienced subsidence since the Early Cretaceous, providing accom-modation space for a thick Cretaceous to Cenozoic sedimentary succession (Gabrielsen and others, 1990) . A cored Cenozoic section of the Bjørnøyrenna TMF ( Fig. 3 ; 7216/11-1S) reveals deep-marine Early Palaeocene-Late Eocene sediments and shallow-marine Oligocene and Miocene successions (Ryseth and others, 2003) . The PlioPleistocene glacial units (GI-GIII) form the huge, up to 3.5 km thick, Bjørnøya TMF (Fig. 2) , which has a slope gradient of 0.2-0.88
The three main sediment packages of the Bjørnøya TMF (GI, GII and GIII) are separated by regional seismic reflectors, R7, R5 and R1 (Fig. 2b) , that can be correlated along the western Barents Sea-Svalbard continental margin (Faleide and others, 1996; Butt and others, 2000) . The lowermost GI unit is characterized by a progradational pattern of westerly-dipping clinoforms (Fig. 3) , interpreted as shelf-margin, glacifluvial to glaciomarine sediments (Saettem and others, 1992b; Dahlgren and others, 2005) . The slope facies of the GII unit is characterized by a chaotic reflection pattern, inferred to represent large-scale mass-movement deposits related to slumps and slides (Kuvaas and Kristoffersen, 1996) . The three largest of these are classified as megaslides, each containing over 500 m thick slide masses (Hjelstuen and others, 2007) . The slope sediments of the uppermost (GIII) unit are characterized by units of stacked, mounded, lens-shaped bodies with a homogeneous internal structure, indicative of glacigenic debris flow deposits (Vorren and Laberg 1997; Hjelstuen and others, 2007) . The palaeo-shelf sediments of GII and GIII, characterized by a chaotic seismic reflection pattern, consist predominantly of sediments deposited by grounded glaciers (Faleide and others, 1996; others, 2004, 2007) . Over 1000 m of bedrock has been eroded from the southeastern Barents Sea continental shelf during the Cenozoic (Nyland and others, 1992) . A major part of this erosion is glacial and caused by fast-flowing ice streams draining through Bjørnøyrenna to the shelf break, delivering sediments to the Bjørnøya TMF and building up the GII and GIII sedimentary sequences (Andreassen and others, 2007) . There is agreement in the published literature that the southwestern Barents Sea margin has been affected by grounded ice reaching the shelf edge several times during the last 1-1.5 Ma (Fig. 3 , Environment column; Faleide and others, 1996; others, 2004, 2007; Dahlgren and others, 2005) , although the chronology is somewhat uncertain.
PREVIOUS WORK ON PALAEO-ICE-STREAM FLOW IN THE SOUTHWESTERN BARENTS SEA
Recent publications of regional sea-floor bathymetry and 3-D seismic data have provided detailed information on glacial geomorphic features and evidence for different glacial regimes during the Late Weichselian glaciation (Ottesen and others, 2005; others, 2007, 2008) . The sea-floor morphology of the major cross-shelf troughs of the southwestern Barents Sea is characterized by mega-scale glacial lineations (MSGL), inferred to represent flowlines of former ice streams that operated during the Late Weichselian glaciation. These indicate a highly dynamic system with several generations of ice streams operating in the troughs. Based on spatial coherency of flow patterns and association with other glacial geomorphic features, the MSGL have been grouped into distinct flow sets related to specific ice-flow events ( Fig. 2a ; Andreassen and others, 2008) . The oldest flow event (Fig. 2a , red arrows) indicates that a major ice stream was draining through Bjørnøyrenna to the western Barents Sea shelf break, sourced by the Barents Sea and Fennoscandian ice sheets. This flow event represents the LGM, and its last phase has an age estimate of 18-16 ka BP (Vorren and others, 1990) . The blue and green flowlines in Figure 2a relate to ice streams that operated during the deglaciation (Andreassen and others, 2008) .
Ice streaming in Bjørnøyrenna during the pre-Late Weichselian has been inferred from MSGL on buried horizons within the GII and GIII shelf units (Figs 4a and 5a) and long chains of sediment blocks and rafts in thick till units ( Fig. 4b ; others, 2004, 2007) , based on interpretation of the 3-D seismic dataset from the southern flank of outer Bjørnøyrenna (Fig. 2a) . Detailed observations from three of the buried, palaeo-ice-stream beds ( Fig. 3 ; Intra GII, Intra GIIIa and Intra GIIIb) are presented here.
SEISMIC DATA AND METHODS
Results from an industry-based 3-D seismic dataset covering an area of 2000 km 2 at the southern flank of outer Bjørnøyrenna ( Fig. 2a ; black-edged rectangle) are presented here. The 3-D data have relatively low frequency (around 60 Hz) and hence a vertical resolution of around 10 m (a quarter of the seismic wavelet and assuming a velocity of 1600 m s -1 ). This is poor compared to the high-frequency two-dimensional (2-D) acoustic data with vertical resolution better than 2 m now typically used in studies of marine glacial sediments (Ó Cofaigh and others, 2008) . However, the horizontal resolution of this 3-D seismic data is dramatically improved compared to that of 2-D data due to high spatial sampling rate (12.5 m) and 3-D migration techniques, and is in theory around 12 m.
Three-dimensional seismic data have been used by the hydrocarbon industry since the early 1990s, and during the last decade have been increasingly used in academic investigations of glacial sediments (Lyngren and others, 1997; Praeg, 1997; Praeg and Long, 1997; Rafaelsen and others, 2002; others, 2004, 2007 In this study, 3-D seismic technology is used to investigate the detailed geomorphology and internal structure of palaeo-ice-stream beds and till units. Andreassen and others (2007) reported that shaded relief and seismic amplitude images of the Intra GII horizon show many MSGL. These can be grouped into three different orientations (Figs 5a and 6a, white arrows) . The lineations have reliefs of up to 10 m, are 50-360 m wide, and some are over 38 km long and have elongation ratios >100 : 1. The first group of MSGL are east-southeast-west-northwestoriented furrows, which are well developed over the entire shaded relief image (Fig. 5a, orientation 1 ), but barely visible on the image of seismic amplitude (Fig. 6a, orientation 1) . MSGL with orientations 2 and 3 are well developed on the seismic amplitude map, where they appear as white lines (Fig. 6a) , but can hardly be seen on the shaded relief image (Fig. 5a) .
GEOMORPHOLOGY OF BURIED GLACIAL HORIZONS Observations of glacial lineations and depressions on a palaeo-ice-stream bed
Here the different appearance of the three sets of lineations on the shaded relief and the seismic amplitude images can be understood by investigation of vertical seismic sections and provides information on the processes of MSGL formation. Large areas on the Intra GII seismic amplitude image have either very high amplitude values (Fig. 6a , dark-grey to black areas) or very low amplitude values (Fig. 6a , light-grey to white areas). A vertical seismic section crossing a range of amplitudes (Fig. 6d) indicates that the high amplitude values (coloured green areas on the seismic profiles) are caused by positive interference between seismic reflections that converge towards the northeast on the profile. The dark areas on the Intra GII amplitude image are therefore areas where the Intra GII reflection is caused by positive interference of seismic reflections from two bedding planes, or a layer. White lineations (groups 2 and 3) are areas where this layer has been completely or partly removed (Fig. 7) , confirming that these MSGL are erosional features. In addition to MSGL, irregular depressions are present on the Intra GII shaded relief image (Fig. 5a ). These depressions appear as irregular, white areas on the Intra GII amplitude image (Fig. 6a) . They are located in a 3-4 km wide and 12 km northeast-southwest-trending zone in the middle of the study area. The largest hole in the northeastern part of this zone (Fig. 6c) is 2.9 km wide, while those to the southwest are from 1 km to a few hundred metres wide. Inspection of vertical seismic sections (Fig. 6c) indicates that these depressions are areas where the Intra GII reflection terminates abruptly. The layer that gives rise to this reflection must therefore have been removed, leaving holes in the strong reflection.
SEDIMENT BLOCKS AND RAFTS IN SUB-ICE-STREAM BED TILL UNITS Observations
The internal structure of the sediments below the Intra GII horizon (i.e. below the palaeo-ice-stream bed) is revealed by the root-mean-square (RMS) amplitude map, calculated for a 50 m (assuming a velocity of 2000 ms -1 ) thick stratigraphic volume ( Fig. 5d and e; shaded bands) . The RMS amplitude image (Fig. 5c) shows that high-amplitude reflection segments, on the vertical seismic sections at the level of and just below Intra GII, represent sediment bodies of a different sediment type (much higher product of density and velocity) compared to the surrounding sediments. The RMS image indicates that the largest sediment bodies consist of clusters, each a few hundred metres wide, rather than individual, large sediment blocks. With an areal extent <1 km 2 , the individual sediment bodies are classified as rafts (Aber and others, 1989) . A 10 km long and 1-2 km wide chain of closely spaced sediment rafts in the centre of the RMS image (Fig. 5c) has the same northeast-southwesttrending orientation as the MSGL of flow set 2. The clusters of sediment rafts appear on vertical seismic sections as highamplitude reflection segments with an irregular upper and lower boundary ( Fig. 5d and e) , and the internal structure of single rafts cannot be resolved. We therefore include observations from the shallower GIIIb level (Fig. 3) , where the internal structure of sediment blocks is very clear (Fig. 8c) .
The largest sediment bodies in the till just below the Intra GIIIb palaeo-ice-stream bed are >1 km 2 and hence classified as medium-sized megablocks (Aber and others, 1989) , while the smaller are 100-400 m wide sediment rafts. The sediment blocks are well imaged by a map showing seismic amplitude of Intra GIIIb (Fig. 8a) . Some of the blocks are aligned along a northeast-southwest-trending chain (northeast in Fig. 8a) , with the same orientation as MSGL flow set 1 on the top block surface ( Fig. 8b; arrow marked 1) . Vertical seismic sections parallel to the sediment chain clearly indicate that most of the megablocks are tilted upstream, often in an imbricated manner ( Fig. 8c ; sediment blocks in central and southwestern part of profile), while others have a more sub-horizontal orientation ( Fig. 8c ; sediment blocks in northeastern part of profile). The concentration of sediment blocks is highest in a 5 km wide zone trending parallel to and 4-10 km upstream of the palaeo-shelf edge (Fig. 8a) .
INTERPRETATIONS
The MSGL on the buried GII and GIII horizons are interpreted as formed by fast ice flow (Andreassen and others, 2007) . The MSGL on the Intra GII horizon with orientations 2 and 3 are, from their northeast-southwesttrending orientation, most likely associated with ice draining through Bjørnøyrenna from the Barents Sea. The MSGL of orientation 1 indicate ice flow from the east-southeast, probably from the Norwegian mainland. The integration of the Intra GII amplitude image (Fig. 6a ) with vertical sections (Fig. 6b) indicates that the lineations on this horizon must be mainly erosional grooves rather than depositional ridges. The appearance of white lines on the amplitude image suggests that the grooves with orientations 2 and 3 have removed the layer that gives rise to the Intra GII strong seismic reflection (Fig. 7) , whereas the grooves with orientation 1 are not as deep.
The depressions in the Intra GII horizon have the same northeast-southwest orientation as the Intra GII MSGL with orientation 2 (Fig. 6b) . We suggest that the holes are areas where subglacial sediment blocks and rafts have been removed and deposited farther downstream. We have inspected downstream areas at slightly higher stratigraphic levels, but no sediment blocks have been detected. However, the holes are located just 10-20 km from the shelf break, where a well-developed slide scar appears at this stratigraphic level, and it seems likely that sediment bodies removed from the holes have been transported to the shelf break and mobilized down the slope. The chains of sediment blocks and rafts at the stratigraphic levels Intra GII (Fig. 5c ) and Intra GIIIb (Fig. 8a) are parallel to MSGL on the horizons at the top of the sediment bodies, in both cases inferred to have been deposited by the same glacial events that formed the MSGL. The observed holes on the Intra GII glacial horizon are the first direct evidence that glacitectonic sediment blocks in the southwestern Barents Sea consist of till material because the holes are formed in till material.
DISCUSSION: SUBGLACIAL DEFORMATION AND ICE-STREAM DYNAMICS
It is generally held that the fast flow of ice streams and the switching between fast flow and quiescence is linked to subglacial processes and sediment deformation (Boulton and Hindmarsh, 1987; Fisher and Clarke, 2001 ), but the processes involved remain poorly understood and the depth of subglacial deformation remains uncertain (Clarke, 2005 ). Here we link the different geomorphic features that have been observed to different conditions of ice-stream flow, and discuss the implications of observed landform assemblages for ice-stream dynamics.
Features of compressional ice flow
The sediment blocks described above form dipping plates that are thrust one on top of the other (Fig. 8c) , indicative of entrainment into the ice under conditions of compressive ice flow. The depth of dislocation is difficult to estimate from the seismic data, because many of the sediment blocks are too small to be properly resolved on vertical sections and are often stacked upon each other. However, the sub-horizontal sediment plates subcropping Intra GIIIb (Fig. 8c , northeastern part of profile) seem to be around 25 m thick. A geotechnical borehole from the northern flank of outer Bjørnøyrenna ( Fig. 2a ; 7316/06-U-01) revealed the existence of a 15-25 m thick block of consolidated Cretaceous bedrock, which was embedded in very stiff, Late Weichselian till (Saettem, 1994) . These observations indicate that failure of sub-ice-stream till occurred at least to depths of 25 m in Bjørnøyrenna. others (2004, 2007) observed that many of the sediment blocks just below GIIa fit together like parts of a jigsaw puzzle (Fig. 4b and f) . Based on the shape of the sediment bodies and how the different blocks must be moved to fit together, we propose two pull-apart directions (Fig. 4f, arrows 1 and 2) , and suggest that tearing apart must have taken place under conditions of extensional ice flow. The two inferred pull-apart directions are the same as the orientations of MSGL of orientation 1 at the top block surface (Fig. 4c) . From this we infer that both the tearing apart of sediment blocks and the formation of MSGL took place under an extensional flow regime of ice-stream activity. Figure 4c clearly reveals that the MSGL are furrows that have eroded into the sediment blocks and split several of them into different pieces. MSGL of the intra GII horizon are also inferred to represent erosional furrows.
Features of extensional ice flow

Implications for ice-stream dynamics
Our observations of buried palaeo-ice-stream bed geomorphology and the structure of underlying sediment blocks indicate a switching between compressional subglacial flow and extensional subglacial flow. Glacitectonic deformation of subglacial till suggests that the till must have been stiff. Industrial geotechnical boreholes and seabed cores from Bjørnøyrenna reveal that the typical till here is an overconsolidated, massive, muddy diamicton, consisting of silty, sandy clay with scattered gravel (Saettem and others, 1992a) . Based on geotechnical studies, Saettem and others (1992a) suggested that these characteristics result from basal freezing, which is known to cause overconsolidation of subglacial sediments (Saettem and others, 1996) , and can produce a rheological contrast between the frozen sediments at the ice base and underlying less consolidated sediments. This may focus sediment deformation at the transition between the overconsolidated and less-consolidated sediments (Andreassen and others, 2007) . Alternatively, the till stiffness could result from dewatering. A switch in the sub-ice-stream drainage system from a distributed system of broad, shallow channels to a more efficient system of much larger lowdensity Rö thlisberger channels, as suggested for the subglacial till of the Dubawnt Lake ice stream of the former Laurentide ice sheet (Stokes and others, 2008) , could create such dewatering. However, meltwater channels are rarely observed in Bjørnøyrenna, nor are they common on the slope of the Bjørnøya TMF (Taylor and others, 2002) . We therefore favour a mechanism of till stiffening due to subglacial freezing, creating the switch between extensional and compressional ice flow.
Freeze-on can occur without necessarily stopping an ice stream. In the WAIS there is evidence for several metres of freeze-on under the active Whillans and Bindschadler Ice Streams, and also that parts of the 10-14 m of debris-rich ice that is frozen to the bed of the stopped Kamb Ice Stream must have occurred before the ice stream shut down (Kamb, 2001) . However, once basal freeze-on is initiated, removal of water from the subglacial system decreases basal lubrication and may cause a complete shutdown in as short a time as 100 years (Bougamont and others, 2003) .
The observed sequences of sediment blocks and rafts overlain by MSGL are repeated at many different stratigraphic levels of the study area. This pattern indicates that periods of slowdown or quiescence were commonly followed by reactivation and fast ice-stream flow, suggesting that this may be a common behaviour of marine ice streams. This leaves open the possibility that the stopped Kamb Ice Stream may experience a new period of fast flow. The observations at the Intra GII horizon (Figs 6 and 7) suggest that slowdown and fast flow was followed by a second phase of sub-ice-stream glacitectonic erosion, leaving a long chain of kilometre-wide holes on the palaeo-ice-stream bed (Fig. 6a) . Such oscillations in ice-stream flow are consistent with thermodynamic models (Bougamont and others, 2003) and suggest that the life cycle of marine ice streams includes alternating periods of activity and quiescence.
CONCLUSIONS
In this paper, the geomorphology and internal structure of palaeo-ice-stream beds in Bjørnøyrenna have been investigated from 3-D seismic data. Detailed observations from three different stratigraphic levels of the buried sub-icestream sediments revealed sequences of geomorphic features diagnostic of cycles of ice-stream slowdown or quiescence, followed by reactivation and fast flow.
The orientations of MSGL on palaeo-ice-stream beds and underlying chains of megablocks and rafts indicate that they were formed by the same ice-streaming events. Based on interpretation of 3-D seismic attributes and vertical seismic sections revealing the internal structure of buried till units, we suggest that the megablocks and rafts are glacitectonically entrained into the ice under conditions of compressive ice flow. MSGL on the palaeo-ice-stream beds and the pull-apart of underlying sediment blocks must have taken place under conditions of extensional ice flow. We favour a mechanism of till stiffening due to subglacial freezing creating the switch from extensional to compressional ice-stream flow. The sediment blocks and the depressions they created are associated with compressional ice flow and inferred to be signatures of sub-ice-stream thermal sticky spots.
The observed pattern of geomorphic features indicates that periods of slowdown or quiescence were commonly followed by reactivation and fast flow, suggesting that this may be a common behaviour of marine ice streams.
